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Abstract 
Increased surface area is the key to high efficiency solar cell. Nature inspired “nano-forest” of high density, long 
branched “treelike” multi generation hierarchical ZnO nanowire photoanodes grown via a simple selective 
hierarchical growth approach was proven to boost the dye sensitized solar cell efficiency. The efficiency increase is 
due to greatly enhanced surface area for higher dye loading and light harvesting, and also due to reduced charge 
recombination by providing direct conduction pathways along the crystalline ZnO “nano-tree” multi generation 
branches. We performed parametric study how hierarchical ZnO nanowire structure can be effectively grown to yield 
optimum hierarchical ZnO nanowire photoanode through the combination of length-wise growth and branched 
growth.  
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
 
Keywords: Zn Oxide nanowire, dye-sensitized solar cell, nano-forest 
1. Introduction 
Dye sensitized solar cells (DSSCs) based on oxide semiconductors such as ZnO or TiO2 and organic 
dyes or metallorganic-complex dye have recently emerged as the most promising approach to efficient 
solar-energy conversion because they are flexible, inexpensive, and easier to manufacture than brittle 
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silicon solar cells. [1,2] The DSSC is a photoelectrochemical system, which incorporates a porous-
structured wide-bandgap oxide semiconductor (TiO2 or ZnO) film for increased surface area with 
adsorbed dye molecules as the photosensitized anode. TiO2 nanoparticles have been most extensively 
studied as a DSSC photoelectrode with record high conversion efficiency (11.2%) that has persisted for 
nearly two decades. [3] The further increase in the conversion efficiency has been limited by energy loss 
due to recombination between electrons and either the oxidized dye molecules or electron-accepting 
species in the electrolyte during the charge transport processes. [1] Such a recombination problem is more 
pronounced for TiO2 nanocrystals due to the lack of a depletion layer on the TiO2 nanocrystallite surface 
and becomes more serious when the photoelectrode film thickness increases. [1]. To understand and solve 
those issues, ZnO based DSSC technology alternative to TiO2 is considered as one of the most promising 
materials for solar cells. ZnO possesses energy band structure and physical properties similar to those of 
TiO2, but its electron mobility is higher by ~2-3 orders of magnitude. Therefore, ZnO is expected to have 
faster electron transport with reduced recombination loss. Although the conversion efficiencies 
(0.4~5.8%) obtained for ZnO are much lower than the maximum reported 11% for TiO2, ZnO is still 
thought of as the most promising alternative to TiO2 due to its ease of crystallization and anisotropic 
growth. [1]  
2. ZnO Hierarchical Nanostructures 
Functional nanostructured photoelectrodes such as 1D nanostructures (nanowire[1-2, 4-5] and 
nanotubes[1,6]) have been extensively studied and are expected to significantly improve the electron 
diffusion length in the photoelectrode films by providing a direct conduction pathway for the rapid 
collection of photogenerated electrons. Direct pathway along the 1D crystalline nanostructure is expected 
to reduce the possibility of charge recombination during interparticle percolation by replacing the 
conventional TiO2 random polycrystalline nanoparticle network with the ordered crystalline ZnO 
semiconductor nanowires. However, insufficient internal surface area of simple 1D nanostructures limits 
the energy conversion efficiency to relatively low levels (1.5% for ZnO nanowire DSSC [2]). 
Nanostructures combining multi-scale hierarchical configurations are particularly desirable for increased 
surface area and energy conversion efficiency. Suh et al. [7] and Baxter et al. [8] have presented a 
dendritic ZnO nanowire DSSC. They grew ZnO nanowires by expensive chemical vapor deposition 
(CVD) and showed relatively low efficiency (0.5 %) due to insufficient surface area. Jiang et al. [5] 
reported ZnO nanoflower photoanode and Cheng et al. [2] hierarchical ZnO nanowires via a hydrothermal 
method. These hierarchical nanowires were grown from seeds formed from Zn(OAc)2 and showed still 
relatively low 1.5% efficiency due to insufficient surface area and lack of uniformity of the secondary 
branches that were produced by a randomly distributed seed layer. Very recently, Ko et al. [8] has 
presented highly efficient ZnO nanwire based DSSC by inventing “nano-forest” of high density, long 
branched “treelike” multi generation hierarchical ZnO nanowire photoanodes grown via a newly 
developed simple selective hierarchical growth approach can significantly increase the power conversion 
efficiency. Figure 1 shows the scanning electron microscope (SEM) image of nano-forest structure. The 
dramatic efficiency increase in nano-forest based ZnO nanowire DSSC is due to highly enhanced surface 
area for higher dye loading and light harvest, and also due to reduced charge recombination by direct 
conduction pathway along the crystalline ZnO “nano-tree” multigeneration branches. This approach 
mimics branched plant structures with the objective to capture more sunlight. The parametric study to 
improve the efficiency of hierarchical ZnO nanowire photoanodes by combining length-wise growth (LG) 
and branched growth (BG) is essential to explore the efficiency enhancement mechanism and further 
enhance the cell efficiency. In this paper, we present the parametric study for high efficiency nano-tree 
synthesis. 
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3. Experiment
Nano-forest of hierarchical ZnO nanowires (NW) is grown by a modified hydrothermal growth 
approach as illustrated in Figure 2. Depending on the growth condition, there are two types of growth 
modes; lengthwise growth (LG) and branched growth (BG). LG can yield ZnO NWs of increased length 
by extending the growth at the tip of the backbone ZnO NW while BG produces highly branched ZnO 
NW by multiple generation hierarchical growth on ZnO NW side surfaces. As shown in Figure 1(a,b), 1st 
generation (backbone) ZnO NWs are grown from ZnO quantum dot seeds deposited on a substrate in an 
aqueous precursor solution. ZnO quantum dots (3~4 nm) in ethanol are drop casted on a F:SnO2 
conductive glass (FTO) substrate to form uniform seeds for ZnO NW growth. Nanowires were grown by 
immersing the seeded substrate in aqueous solutions containing 25 mM zinc nitrate hydrate 
[Zn(NO3)2•6H2O], 25 mM hexamethylenetetramine (C6H12N4, HMTA) and 5-7 mM polyethylenimine 
(PEI)  at 65~95ºC for 3~7 hours. After the reaction was complete, ZnO NWs grown on the substrate were 
thoroughly rinsed with MilliQ water and dried in air to remove any residual polymer. Longer ZnO NW 
can be grown by repeating the hydrothermal growth in a fresh aqueous precursor solution as shown in 
Figure 1 (c) LG mode. Dramatic change in ZnO NW structure could happen by heating the 1st generation 
ZnO NW at 350°C (10 mins), adding seed NPs and then hydrothermal growth. Instead of LG, highly BG 
of ZnO NW on the 1st generation ZnO NW sidewall could be observed (Figure 1(d)). It should be noted 
that the only difference between LG and BG is the presence of a heating step and a seeding step before the 
regular hydrothermal growth. The combination of multiple LG and BG steps can be applied for more 
complex hierarchical ZnO NW structuring.  
A single hydrothermal reaction LG process can grow 2~8 μm long vertically aligned ZnO NWs 
(130~200 nm diameter). Multiple LG growth steps can grow 40~50 μm long ZnO NWs of high aspect 
ratio (>100). Figure 2(a) is showing ZnO NW after 1,2,3 times LG. The length of the higher generation 
LG nanowires becomes shorter upon each growth step. 
 
Fig. 1. Hierarchical nano-forest for high efficiency solar cell. 
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4. Result and Discussions 
Vertically aligned long ZnO NW forest grown by multiple LG can be used as the backbone of the 
hierarchical branched ZnO NW forest. High quality hierarchical branched ZnO NW forest can only be 
grown after both (1) removal of polymer (HMTA, PEI) by heating the ZnO NW and (2) coating with seed 
Fig. 2. Two routes for hierarchical ZnO nanowire hydrothermal growth.  
Length growth (LG) (a-b-c), branched growth (BG) (a-b-d), and hybrid (a-b-c-d-e). 
Notice polymer removal and seed NPs for branched growth.  
Fig. 3. SEM picture of branched growth (BG) after only polymer removal without seed deposition.  
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NPs on the backbone ZnO NW surface. Figure 3 shows the polymer removal effect and Figure 4 shows 
the seed effect after polymer removal.  
HMTA and PEI hinder only the lateral growth but allow axial growth of the ZnO NWs in solution to 
yield high aspect ratio NWs. The polymers can be removed by heating the ZnO NW at 350°C for 10 
minutes. Once the polymer was removed from the backbone ZnO NW, branched growth (BG) ZnO NW 
on the sidewall which had been suppressed by HMTA and PEI for a regular LG could be induced as 
shown in Figure 3. In addition to random and sparsely branched NW growth on the side wall, diameter of 
1st generation backbone ZnO NW also increased (~1 μm) due to lateral growth after the removal of the 
HMTA and PEI polymer layer. After polymer removal, seed NP coating on the 1st generation backbone 
ZnO NW can grow densely packed higher order generation BG NW and also could suppress the diameter 
increase of the 1st generation backbone ZnO NW.  
ZnO seed NP coating on the backbone ZnO NW without polymer removal could grow sparsely 
branched ZnO NW (Figure 3) while high quality hierarchical branched ZnO NW forest could be achieved 
with ZnO seed NP coating on backbone ZnO NW after polymer removal (Figure 4). ZnO NW growth 
from the seed NP on HMTA and PEI polymer may be less favorable than on the ZnO NW surface without 
polymer. This signifies that both polymer removal and seed layer are important for high density 
hierarchical branched ZnO NW forest growth.  Figure 5 shows the Ioc increase due to surface area increase 
Fig. 4. SEM picture of branched growth (BG) after both  polymer removal and seed deposition.  
Fig. 5. I-V curve of ZnO NW DSSC of general vertical NW (red color) and nano-tree (blue color)  
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for the nano-tree (Figure 5 blue color) compared with vertical nanowires (Figure 5 red color). 
5. Conclusions 
We have demonstrated “nano-forest” of high density, long branched “treelike” multi generation 
hierarchical crystalline ZnO nanowire photoanodes via a simple selective hierarchical growth approach 
and could increase the power conversion efficiency of DSSC significantly. performed a parametric study 
to define hierarchical ZnO nanowire photoanodes consisting of various generation nanowires through the 
combination of length-wise and branched growth. The new simple and selective hierarchical growth is a 
low cost, all solution processed hydrothermal method and can fabricate complex hierarchical ZnO 
nanowire photoanodes by simple seed particle and capping polymer engineering. The low temperature 
process nature carries potential for further developing DSSCs on low-cost, large-area flexible polymer 
substrates. 
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